ABSTRACT: The installation of ferrocene molecules within the widechannel metal−organic framework (MOF) compound, NU-1000, and subsequent configuration of the modified MOF as thin-film coatings on electrodes renders the MOF electroactive in the vicinity of the ferrocenium/ ferrocene (Fc + /Fc) redox potential due to redox hopping between anchored Fc +/0 species. The observation of effective site-to-site redox hopping points to the potential usefulness of the installed species as a redox shuttle in photoelectrochemical or electrocatalytic systems. At low supporting electrolyte concentration, we observe bias-tunable ionic permselectivity; films are blocking toward solution cations when the MOF is in the ferrocenium form but permeable when in the ferrocene form. Additionally, with ferrocenefunctionalized films, we observe that the MOF's pyrene-based linkers, which are otherwise reversibly electroactive, are now redox-silent. Linker electroactivity is fully recovered, however, when the electrolyte concentration is increased 10-fold, that is, to a concentration similar to or exceeding that of an anchored shuttle molecule. The findings have clear implications for the design and use of MOF-based sensors, electrocatalysts, and photoelectrochemical devices. T he development of increasingly general methods for assembling surface-supported metal−organic frameworks (SURMOFs) 1−9 in thin-film form promises to open up new science and new possibilities for their application. Example applications could include electrochemical catalysis, 10 integration with silicon 11,12 for electronic sensing of volatile chemicals, and membrane-based separation of chemical species.
T he development of increasingly general methods for assembling surface-supported metal−organic frameworks (SURMOFs) 1−9 in thin-film form promises to open up new science and new possibilities for their application. Example applications could include electrochemical catalysis, 10 integration with silicon 11, 12 for electronic sensing of volatile chemicals, and membrane-based separation of chemical species. 13 Much of our own interest in porous, crystalline thin-film MOFs centers on their potential as light-harvesting arrays relevant to solar energy conversion. 14−17 The most sophisticated SURMOF synthesis methods are automated and offer layer-by-layer control (i.e., molecular-scale control) over thin-film composition and component molecule orientation. Given these capabilities, one could envision building panchromatic antenna systems containing a half of a dozen or more spectrally overlapping chromophores positioned to facilitate long-range energy transfersystems that could constitute functional analogues of the natural photosynthetic light-harvesting apparatus. 18 Toward this goal, we have been able to synthesize and functionally characterize MOFs displaying (a) long-range directional energy transfer (EnT) within isolated porous crystals, 19 (b) linker-to-heterolinker and linker-to-terminusmolecule EnT within isolated crystals 20 and surface-immobilized films, 21 respectively, and (c) sensitization of isolated MOF crystals with quantum dots. 22 For many solar energy conversion schemes, an additional requirement is that the MOF film be redox-reactive, thereby facilitating charge transport (via hopping) through the framework and into a redox-driven chemical catalyst, current collector (an electrode), or both. Hopping could occur between neighboring MOF linkers/chromophores or, by analogy to solid-state dye-sensitized solar cells, could be delegated to redox shuttle molecules. A handful of reports have appeared on linker-to-linker redox hopping in MOFs, 10,23−25 but none are based on framework-tethered shuttle molecules. Here, we report that ferrocene can be controllably installed within the broad (ca. 30 Å) diameter channels of the platform MOF, NU-1000 (see Scheme 1) , and that redox reactivity for the full complement of installed shuttle molecules can be readily observed via voltammetry when the modified MOF is configured as an electrode-supported film. Consistent with previous observations with a closely related material, NU-901, 24 we also observe electrode-supported, thin-film redox reactivity based on reversible oxidation of the full complement of pyrenecontaining linkers of NU-1000. To our surprise, however, linker-based redox reactivity is undetectable in the redox-shuttle modified version of the MOF. As described below, this unexpected behavior is attributable to bias-switchable anionic permselectivity (cation exclusion (Donnan exclusion)) within the MOF itself. The permselectivity is engendered by installation and subsequent electrochemical oxidation of the tethered redox shuttle, thereby creating a mesoporous MOF matrix featuring fixed cationic sites. The permselectivity can be switched off by appropriately altering the applied electrochemical potential or by substantially boosting the concentration of the supporting electrolyte. 26−30 These observations have important implications for the design and use of porous MOFs as building blocks for catalytic electrodes, photoelectrodes, and overall photochemical energy conversion systems.
Due to its excellent chemical stability, including stability in neutral, acidic, and basic aqueous solutions, and due to the comparative ease with which its channels can be chemically tailored, the Zr-based MOF, 16 ,31−36 NU-1000, 37 was chosen for redox functionalization. The previously described solventassisted ligand incorporation (SALI) 38, 39 method (Scheme 1) was used to attach a singly carboxylated version of the wellknown redox molecule, ferrocene (Fc), to the Zr 6 (μ 3 -O) 4 (μ 3 -OH) 4 (OH) 4 (OH 2 ) 4 nodes 40 of microcrystalline powder samples of NU-1000. 1 H NMR analysis of ferrocene-modified samples following digestion revealed a loading of one ferrocene molecule per node ( Figure S1 , Supporting Information). For electrochemical investigation, thin films of both the ferrocenefree and ferrocene-derivatized MOF (termed NU-1000 and Fc-NU-1000, respectively) were formed on conductive glass electrodes (fluorine-doped tin oxide (FTO)) from toluene suspensions of the MOF via electrophoretic deposition, as recently described 4 (see also related work by Hwang et. al 41 ) and as further detailed in the Supporting Information. Figure 1 shows the electrochemical (cyclic voltammetry (CV)) responses of electrode-attached films of NU-1000 and Fc-NU-1000 in 0.05 M TBAPF 6 (TBA + = tetrabutylammonium) in acetonitrile as the solvent. As illustrated by a voltammetry wave with anodic and cathodic peaks at ∼1.5 and 1.3 V Ag/AgCl, NU-1000 (green curve) exhibits behavior consistent with chemically reversible electro-oxidation of coordinated 1,3,6,8-tetrakis(p-benzoate)pyrene to its radical cation form (TBzPy + ). 24 Visible-region spectroelectrochemical measurements, discussed further below, corroborate the interpretation.
Fc-NU-1000 behaves in a strikingly different manner; again, see Figure 1 . A reversible oxidation peak, assignable to incorporated ferrocene, is observed at around 0.8 V. Extension of the CV potential range to +1.7 V, however, yields no trace of TBzPy-centered redox reactivity. Continuous-wave electron paramagnetic resonance (CW-EPR) measurements (taken at 85 K) of various films removed by scraping corroborate the behavioral difference. Briefly, four kinds of films were examined: Fc-NU-1000, Fc-NU-1000 that had been held at 1.6 V versus Ag/AgCl in a 0.05 M TBAPF 6 acetontrile solution (Fc-NU-1000-ox), NU-1000, and NU-1000 that had been held at 1.6 V in a 0.05 M TBAPF 6 acetontrile solution (NU-1000-ox), that is, positive of the formal potential for TBzPy oxidation. As shown in in Figure 2 , the first three yield no CW-EPR signal at a position corresponding to oxidized pyrene, whereas a scraped film of NU-1000-ox produces a sizable signal. Notably, the signal line shape and position agree well with the previously reported CW-EPR spectrum of electro-oxidized films of the pyrene-containing MOF NU-901, 24 as well as those of other pyrene-based radical cations. 42, 43 (As can be seen in Figure S2 (Supporting Information), expending the CW-EPR magnetic field window reveals a broad signal for Fc-NU-1000 ox, which corresponds to a signal for ferrocenium species.) Finally, visible-region spectroelectrochemical measurements for electrode-supported films of NU-1000 and Fc-NU-1000 confirm that TBzPy is present in both, but only in NU-1000 is it electrochemically oxidizable ( Figure S3 , Supporting Information). However, Fc-NU-1000 exhibits only a chemically reversible oxidation wave for anchored ferrocene. The black dashed line shows a scan of a bare FTO electrode in the same conditions (the electrode's active surface area is 1 cm 2 , and the scan rate is 50 mV/s).
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The small size of an anchored ferrocene molecule (∼5 Å diameter) relative to the channel diameter of NU-1000 (31 Å) permits us to rule out physical blocking of charge-compensating ions as an explanation for the unexpected shutdown of linker electrochemistry in electrode-immobilized Fc-NU-1000. A more attractive explanation is that installation and oxidation of anchored shuttle molecules (to ferrocenium, Fc + ) converts the MOF to a form that, while remaining permeable to solvent molecules and electrolyte anions, is now electrostatically blocking toward free cations. In other words, the MOF, in Fc + form, is permselective for anions. Thus, at low ionic strength, charge balance within the MOF would be achieved by recruiting from the in-filling and surrounding solution one PF 6 − per ferrocenium ion generated. Additionally, the high local concentration of fixed-site cations (i.e., anchored Fc + ) should result in expulsion of most TBA + (a Donnan exclusion effect 44 ) and, therefore, most excess PF 6 − . To maintain charge balance within the MOF, subsequent electro-oxidation of the neutral linker to its cationic form would require either expulsion of an equivalent amount of TBA + (unavailable at low ionic strength and therefore impossible to expel) or recruitment of additional electrolyte anions from the in-filling solution (again unavailable due to exclusion of salt by the cationic framework material).
Scheme 2 illustrates the proposed explanation. If the scheme is correct, the putative film permselectivity should disappear, the Fc + -containing MOF should become permeable to the overall electrolyte, and linker electroactivity should be restored, once the electrolyte concentration is made similar to, or greater than, the concentration of fixed-site cations (ferrocenium ions) within the MOF channels. A loading of one ferrocene/ ferrocenium per node corresponds to an in-channel concentration of about 0.3 M. Figure 3 shows the cyclic voltammetric behavior of Fc-NU-1000 at low and high electrolyte concentrations. Notably, linker electroactivity is restored when the electrolyte concentration is 0.5 M.
A corollary to the above is that for positively charged solutionphase species having formal potentials positive of the shuttle's potential, the electrode-immobilized film should be blocking (at low ionic strength) toward their oxidation. These species would encounter a cation-excluding, permselective MOF. For similar species having formal potentials negative of that of the shuttle, however, the electrode-immobilized film should not be blocking toward their oxidation. Thus, these species would encounter a neutral MOF that is permeable to both anions and cations. Additionally, the anchored shuttle molecules should be capable, at more positive potentials, of mediating the oxidation of solution-phase species, that is, redox catalytic behavior should be possible.
To test these ideas, we examined the electrochemical response of MOF films to either Fe(bpy) 3 2+ or Co(phen) 3 2+ at 2 mM (bpy = 2,2′-bipyridine; phen = 1,10-phenanthroline) in low ionic strength solutions. Results for the iron complex are shown in Figure 4 . Voltammetry recorded at a bare FTO electrode shows a reversible wave just beyond 1 V for oxidation of Fe(bpy) 3 2+ to Fe(bpy) 3 3+ . Similar behavior is observed at an electrode covered with NU-1000, albeit with the addition of a wave assignable to linker oxidation at further positive potential. The absence of a return wave (reduction wave) for the linker is indicative of mediated (i.e., redox catalytic) oxidation of Fe(bpy) 3 2+ in addition to unmediated oxidation. At an electrode coated with Fc-NU-1000, in contrast, the electrochemical oxidation of Fe(bpy) 3 2+ is blocked, as expected if the MOF is behaving as a cation-excluding, permselective network containing node-anchored ferrocenium. 30, 45, 46 Figure 5 shows the corresponding results with Co(phen) 3 2+ . Notably, the formal potential for oxidation of this complex (∼0.5 V) is significantly less positive than that of the MOFanchored redox shuttle. At bare FTO, a chemically reversible but electrochemically sluggish wave is seen. (Slow kinetics is a consequence of a redox-induced spin change at the cobalt center and resulting large vibrational reorganization energy. 47 ) For NU-1000 electrodes, a reversible redox wave for Co-(phen) 3 2+/3+ is seen, albeit with even slower electrochemical Figure 2 . Results from CW-EPR measurements of samples of Fc-NU-1000 and NU-1000, without and with ("ox") prior potentiostatting at +1.6 V. Only the sample designated "NU-1000-ox" (see text) yielded an EPR signal in the region expected for a pyrene radical.
Scheme 2. Schematic Illustration of the Processes Occurring during Reversible Electrochemical Induction of Anionic
Permselectivity in Fc-NU-1000 Figure 3 . CVs comparing between Fc-NU-1000 at different TBAPF 6 supporting electrolyte concentrations. At low electrolyte concentrations, TBzPy linker oxidation is shut down. However, at an electrolyte concentration larger than that of the fixed Fc + sites, linker electroactivity is restored. (The electrode's active surface area is 1 cm 2 , and the scan rate is 50 mV/s.)
The Journal of Physical Chemistry Letters Letter kinetics than that at bare FTO. In addition, TBzPy linker oxidation is observed at ∼1.3 V. The fact that a return wave is absent in this case, is a result of mediated oxidation of Co(phen) 3 2+ by the TBzPy linker. For electrodes coated with Fc-NU-1000, overlapping voltammetric waves for the cobalt complex and the anchored ferrocene molecule are evident, albeit with distortions that suggest that in addition to direct oxidation, mediated (redox catalytic) oxidation of Co(phen) 3 2+ is occurring. Thus, these results indicate the permeability of Fc-NU-1000 with respect to solution-phase cations when the MOF exists in neutral form (Fc 0 form). In summary, the broad hexagonal channels of electrophoretically deposited films of the redox-active MOF, NU-1000, can be readily functionalized with ferrocene carboxylate via solventassisted ligand incorporation (i.e., R-COO − displacement of nonstructural water and hydroxo ligands from the MOF's hexazirconium(IV) nodes). Under the synthesis conditions examined, the ferrocene loading reaches about one molecule per node, corresponding to a molar concentration of about 0.3. The installed molecules are electrochemically addressable, implying effective site-to-site redox hopping and potential usefulness as a redox shuttle in photoelectrochemical or electrocatalytic systems.
At low supporting electrolyte concentration (50 mM), electrochemical oxidation of the node-anchored ferrocene molecules renders the otherwise porous MOF films largely blocking toward solution cationsa Donnan-equilibrium exclusion effect. A striking consequence is the elimination of electroactivity of the otherwise reversibly oxidizable tetraphenyl-pyrene linkers of the MOF film, a finding that is corroborated by spectroelectrochemical measurements of films and CW-ESR measurements of MOF material after potentiotstatic treatment and removal from electrodes. The effective concentration of the linker in the film environment is ∼0.5 M. When the electrolyte concentration is raised to match this value, linker electroactivity is restored.
A second consequence is an inability, at low supporting electrolyte concentration, to elicit significant direct oxidation of dissolved, redox-active cationic complexes, although indirect oxidation via redox catalysis, with SALI-Fc +/0 as the redox mediator, is observable. When the ferrocenium sites are converted to ferrocene, the cation-blocking behavior is eliminated. Thus, the functionalized films behave as a membrane featuring bias-switchable permselectivity for anions (blocking behavior toward cations).
The combined findings have important implications for the use of MOF films as electrocatalysts, as electroanalytical devices, and as photoelectrodes in electrochemical cells. One could imagine, for example, using the cation exclusion behavior to advantage in photoelectrochemical applications by inhibiting back electron transfer from a dissolved cation to a lightharvesting site within the MOF, even when MOF channels are sufficiently large to admit the cations. Conversely, if the exclusion effect is overlooked, one could envision difficulty in accessing electrocatalysts within a MOF. Ion-exclusion effects can be suppressed, however, by raising the electrolyte concentration to a value similar to or greater than the concentration of fixed cationic (or anionic) sites within the MOF.
■ EXPERIMENTAL METHODS
NU-1000 was synthesized and activated using a published procedure 37 and then deposited in thin-film form on conductive glass (fluorine-doped tin oxide (FTO) coated glass) via electrophoresis of a suspension in toluene, as previously described; 4 
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The authors declare no competing financial interest. 2+ is excluded from the Fc-NU-1000 channels and blocked from reaching the underlying electrode; hence, its oxidation is prevented. However, when the nonpermselective NU-1000 is used, the Fe(bpy) 3 2+ oxidation wave is observed. (The electrode's active surface area is 1 cm 2 , and the scan rate is 50 mV/s.) Figure 5 . CVs of Co(phen) 3 2+ solutions recorded on bare FTO (blue), Fc-NU-1000-coated FTO (red), and NU-1000-coated FTO (olive) electrodes. Due to the fact that its redox potential is more cathodic than Fc/Fc + , Co(phen) 3 2+ can enter the channels of Fc-NU-1000, and its oxidation wave is seen, similarly to the case of NU-1000. (The electrode'ss active surface area is 1 cm 2 , and the scan rate is 50 mV/s.)
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